Introduction {#s0001}
============

Contrast-induced acute kidney injury (CIAKI) is a common iatrogenic clinical event resulted from the administration of iodine contrast agents during intra-arterial (IA) digital subtraction angiography (DSA) and intravenous (IV) CT angiography procedures \[[@CIT0001]\]. Renal concentrations and time profiles of contrast may differ between IA and IV injection routes due to factors including *in vivo* blood circulation, capillary buffer, and dilutional effect of venous capacity as it interferes with the circulation of contrast agents. Therefore, this raises concerns, including whether CIAKI may be route-dependent (IA *vs.* IV injection), highlighting the need for comparison of CIAKI severity among different routes, and ultimately, how research results may guide clinical practitioners to make diagnoses and carry out appropriate treatment plans or, preferably, CIAKI preventive measures \[[@CIT0002]\].

Of note, the majority of previous clinical studies have evaluated the risk of IA and IV injections using serum creatinine (Scr) levels after direct DSA and CT examination \[[@CIT0002]\]. The confounding factors include inconsistent injection dosages, the use of different types, or molecular structures of contrast agent, and the physiological fluctuation of Scr values.

Renal hypoxia and direct nephrotoxicity of iodine contrast agent have been recognized as the main pathogenesis of CIAKI. BOLD MRI is currently the preferable methodology for measuring renal tissue deoxyhemoglobin levels for the study of renal oxygenation during AKI in humans and animals, as it is noninvasive and easy to measure. R2\* is the parameter of BOLD, which reflects the tissue oxygenation bioavailability. An increase in R2\* implies a high deoxyhemoglobin level and suggests poor oxygenation within the renal tissue \[[@CIT0006]\]. BOLD-MR has been used to assess changes in tissue oxygenation in various renal diseases such as ureteral obstruction \[[@CIT0007]\], donated and remaining kidneys \[[@CIT0008]\], and atherosclerotic renal artery stenosis \[[@CIT0009]\].

In addition, BOLD-MR can simultaneously measure the state of oxygenation of bilateral kidneys with different renal functions, respectively, which provides clearer imaging evidence of CIAKI. Hypoxia-inducible factor-1α (HIF-1α) is a transcriptional regulator that adapts to hypoxia \[[@CIT0010]\]. Under hypoxic conditions, it accumulates and is upregulated in the nucleus \[[@CIT0011]\], facilitating the accurate assessment of renal hypoxia in this study.

We hypothesized that CIAKI was injection route-dependent and dose-dependent, and hence, studied the relationship between route and dose. The nonionic dimer isotonic contrast medium iodixanol was injected through three different routes, the renal artery, ear vein, and femoral artery, in animal models. The CIAKI effect was longitudinally monitored by BOLD MRI within 72 h after injection. Histological changes and HIF-1α expression were studied to determine the MRI findings.

Materials and methods {#s0002}
=====================

Contrast {#s0003}
--------

The contrast agent used was iodixanol (GE Healthcare, Shanghai, China).

*Experiment 1*: Comparison of the CIAKI-inducing effects of three different injection routes on the kidneys.

All the experimental procedures were approved by the Ethics Committee of First Hospital of China Medical University (AF-S0P-07--1.1--01) and complied with guidance for the Care and Use of Laboratory Animals (National Research Council, National Academy Press, Washington, DC, 1996). A total of 126 male New Zealand white rabbits were obtained from the Department of Veterinary Medicine, China Medical University (aged 8--10 months, weighing 2.7--3.3 kg). The animals were randomly divided into the following groups: Group Renal Artery-Iodixanol (RA-Io) and Renal Artery-0.9% Saline (RA-S); Group Ear Vein-Iodixanol (EV-Io) and Ear Vein-0.9% Saline (EV-S); Group Femoral Artery-Iodixanol (FA-Io) and Femoral Artery-0.9% Saline (FA-S). Each group had 21 rabbits. Rabbits were anesthetized by auricular vein injection of pentobarbital, 30 mg/kg, followed by DSA puncture or BOLD-MRI scan.

Group RA-Io underwent femoral artery puncture with 5 F sheath insertion and DSA monitoring for guided catheter introduction into the left renal artery with a guide wire. Once through, the high-pressure syringe was connected and the iodixanol was injected at 1 mL/s with a dosage of 1.0 g iodine/kg dose. Groups EV-Io and FA-Io underwent 22 G venous indwelling needle puncture into the ear vein and the femoral artery, respectively, with the same injection rate/dosage as Group RA-Io. BOLD-MRI scans were performed at 24 h prior to contrast injection, and 1, 24, 48, and 72 h post-injection in each group to observe the changes in the R2\* values of the renal cortex, outer medulla, and inner medulla. The experimental flow chart of group RA-Io, as an example, is outlined in [Figure 1](#F0001){ref-type="fig"}. The RA-S, EV-S, and FA-S groups were injected with the same volume of 0.9% saline according to different routes.

![Experimental flow chart of group RA-Io as an example. BOLD, blood oxygenation level-dependent.](IRNF_A_1604382_F0001_C){#F0001}

*Experiment 2. Comparison of the CIAKI-inducing effects of different injection doses on the kidneys*. A total of 126 male New Zealand white rabbits underwent femoral artery puncture and were equally divided into six groups, according to injection dose of iodixanol and same volume of 0.9% saline: Group FA-Io-1.5 g iodine/kg and FA-S-1.5; Group FA-Io-2.0 g iodine/kg and FA-S-2.0; Group FA-Io-2.5 g iodine/kg and FA-S-2.5. BOLD-MRI scans were performed 24 h prior to contrast injection, and 1, 24, 48, and 72 h post-injection. The changes in the R2\* values of the renal cortex, outer medulla, and inner medulla were compared with those in Group RA-Io, and the association between the dose of iodine contrast, degree of renal injury, and different injection routes was evaluated.

MRI scan {#s0004}
--------

A 3.0 T Twin Speed whole-body MR scanner (GE Medical Systems, Milwaukee, WI) was used, along with animal coils, a supine position scan, and advanced BOLD scanning using a multiple-echo spoiled gradient recalled echo protocol: Repetition time, 101.5 ms; echo time, 6.3--32 ms; flip angle, 30°; bandwidth, 31.25 kHz; matrix, 160 × 160; field of view, 18 cm × 18 cm; section thickness, 4 mm; and section number, 5.

Workstation software (GE Medical Systems, Chicago, IL) was used. On the central coronal slice, the region of interest (ROI) included an extensive section of the renal cortex, outer medulla, and inner medulla, as shown in [Figure 2](#F0002){ref-type="fig"}, while avoiding the majority of the sinuses, blood vessels, and adipose tissue.

![Renal R2\* maps in a representative rabbit from the injection of contrast *via* the left renal artery. BOLD MRI was performed 24 h before contrast injection (baseline) and at 1, 24, 48, and 72 h after injection. All maps of the same row are displayed with the same window, level and color scale settings. Higher intensities on the R2\* map indicate lower oxygenation of the underlying tissue.](IRNF_A_1604382_F0002_C){#F0002}

Histological analysis {#s0005}
---------------------

Following each MR scan, three rabbits from each group were sacrificed by auricular vein injection of 100 mg/kg pentobarbital. Their kidneys with the capsules were surgically removed, cut in half longitudinally, and fixed in 4% paraformaldehyde, followed by conventional dehydration and paraffin embedding. Serial cutting of 5-μm-thick slices was performed for conventional optical microscopy and staining with hematoxylin and eosin. Sections were semi-quantitatively analyzed by pathologists with at least 5 years of clinical experience and blinded to group assignment, to assess vacuolar vacuolation of tubular epithelial cells, intraluminal detritus accumulation, and lumen expansion. Scores of 0--4 were assigned to each histopathological change according to previously published criteria \[[@CIT0012]\]: 0 points, normal kidney; 1 point, mild injury (0--5%); 2 points, moderate injury (5--25%); 3 points, severe injury (25--75%); and 4 points, severe damage (75--100%). A total of five non-overlapping areas of the cortex, outer medulla, and inner medulla were observed, and a mean score was calculated across those five areas to obtain a final severity score for each section.

HIF-1α immunohistochemistry analysis {#s0006}
------------------------------------

HIF-1α was immunostained on 5-μm paraffin-embedded tissue sections using the streptavidin-peroxidase technique. Briefly, paraffin sections were deparaffinized, hydrated, and subjected to antigen retrieval and blocking of endogenous peroxidase activity. Slides were incubated with the primary antibody monoclonal anti-HIF-1α (H1alpha67; 1:200; Novus Biologicals, Littleton, CO) overnight at 4 °C, followed by incubation with non-biotinkit (EliVision™ superKIT-9922, Maixin, Fuzhou, China) reagents A and B for 15 min each to allow the horseradish peroxidase polymer to bind to the primary antibody. Diaminobenzidine was used for staining, followed by a hematoxylin counterstain.

The expression of HIF-1α in the renal tubular epithelial cells was observed by optical microscopy with a ×400 magnification visual field and blinded scored as 0--4 points: 0 points, weakly expressed or without nuclear staining; 1 point, positive rate of nuclear staining \<25%; 2 points, positive rate of nuclear staining of 25--50%; 3 points, positive rate of nuclear staining of 50--75%; and 4 points, positive rate of nuclear staining \>75%.

Statistical analysis {#s0007}
--------------------

R2\* values were compared between groups using analysis of variance (ANOVA) and the Tukey *post hoc* test. R2\* values within each group were compared using repeated measures ANOVA and the Bonferroni *post hoc* test. Histology scores and HIF-1α expression scores were compared using the Kruskal--Wallis test and pairwise comparisons. Spearman's correlation analysis was used to assess the correlation between renal tissue injury, HIF-1α expression scores, and MRI parameters. SPSS version 24.0 software (IBM Corp., Armonk, NY) was used for statistical analysis. *p*\<.05 was considered to indicate a statistically significant difference.

Results {#s0008}
=======

Characteristics and baseline values {#s0009}
-----------------------------------

The characteristics and baseline characteristics of all rabbits in all groups, including number, age, sex, body weight, Scr, and the R2\* values of the cortex, outer medulla, and inner medulla are presented in [Table 1](#t0001){ref-type="table"}, with no significant difference among the groups.

###### 

Baseline characteristics of iodixanol-injected and saline-injected rabbit groups.

  Group               RA-Io          EV-Io          FA-Io          FA-Io-1.5      FA-Io-2.0      FA-Io-2.5
  ------------------- -------------- -------------- -------------- -------------- -------------- --------------
  Number              21             21             21             21             21             21
  Age (month)         8.81 ± 0.87    8.76 ± 0.76    8.62 ± 0.67    8.48 ± 0.51    8.29 ± 0.46    8.71 ± 0.78
  Gender              Male           Male           Male           Male           Male           Male
  Weight (kg)         2.99 ± 0.10    2.96 ± 0.08    2.97 ± 0.10    2.93 ± 0.09    2.93 ± 0.08    2.95 ± 0.11
  SCr (μmol/L)        34.19 ± 2.50   33.57 ± 2.50   33.76 ± 2.28   33.24 ± 2.21   34.00 ± 2.12   33.95 ± 2.58
  Cortex R2\* (1/s)   19.39 ± 1.01   19.21 ± 1.09   19.26 ± 1.26   19.31 ± 0.92   19.37 ± 1.06   19.32 ± 1.05
  OM R2\* (1/s)       23.86 ± 1.01   24.10 ± 0.94   24.12 ± 1.00   24.04 ± 1.09   24.01 ± 0.88   24.18 ± 1.09
  IM R2\* (1/s)       20.71 ± 1.00   20.53 ± 1.06   20.31 ± 0.98   20.41 ± 0.79   20.30 ± 0.98   20.62 ± 1.05
  Group               RA-S           EV-S           FA-S           FA-S-1.5       FA-S-2.0       FA-S-2.5
  Number              21             21             21             21             21             21
  Age (month)         8.90 ± 0.83    8.81 ± 0.68    8.76 ± 0.70    8.71 ± 0.78    8.90 ± 0.70    8.61 ± 0.80
  Gender              Male           Male           Male           Male           Male           Male
  Weight (kg)         2.99 ± 0.10    2.98 ± 0.09    3.01 ± 0.09    2.98 ± 0.08    3.01 ± 0.69    2.99 ± 0.05
  SCr (μmol/L)        34.33 ± 2.13   33.52 ± 2.14   33.81 ± 2.16   34.19 ± 1.99   33.86 ± 2.06   33.81 ± 1.40
  Cortex R2\* (1/s)   19.22 ± 0.97   19.57 ± 0.95   19.11 ± 0.90   18.86 ± 0.89   18.82 ± 0.86   19.10 ± 0.73
  OM R2\* (1/s)       24.26 ± 0.98   23.97 ± 0.80   24.26 ± 0.86   24.13 ± 0.82   24.15 ± 0.88   23.98 ± 0.88
  IM R2\* (1/s)       20.23 ± 0.88   20.37 ± 0.87   20.30 ± 0.98   20.51 ± 0.77   20.38 ± 0.67   20.54 ± 0.66

There was no significant statistical difference among all groups with respect to Number, Age, Gender, Weight, or serum creatinine in all renal tissues. SCr: serum creatinine; OM: outer medulla; IM: inner medulla; RA-Io: Renal Artery-Iodixanol; RA-S: Renal Artery-0.9% Saline; EV-Io: Ear Vein-Iodixanol; EV-S: Ear Vein-0.9% Saline; FA-Io: Femoral Artery-Iodixanol; FA-S: Femoral Artery-0.9% Saline; FA-Io-1.5: Femoral Artery-Iodixanol-1.5 g iodine/kg; FA-S-1.5: Femoral Artery-0.9% Saline; FA-Io-2.0: Femoral Artery-Iodixanol-2.0 g iodine/kg; FA-S-2.0: Femoral Artery-0.9% Saline; FA-Io-2.5: Femoral Artery-Iodixanol-2.5 g iodine/kg; FA-S-2.5: Femoral Artery-0.9% Saline.

*Experiment 1.* Scr was significantly higher in the RA-Io group than that in the remaining groups at 24 h ([Table 2](#t0002){ref-type="table"}). [Figure 2](#F0002){ref-type="fig"} illustrates renal R2\* maps in a representative rabbit at baseline and following the injection of contrast agent *via* the left renal artery. Clear images of the renal cortex, outer medulla, and inner medulla were obtained. R2\* staining intensity may be used to extrapolate the relative oxygenation of renal tissues. At 24 h after the injection, the high-intensity region increased, signifying decreased tissue oxygenation. The changes of R2\*, renal injury scores and HIF-1α expression in left kidney were significantly higher than that in right kidney at 24 h after injection of iodixanol into left renal artery ([Tables 3--5](#t0003 t0004 t0005){ref-type="table"}), respectively. [Figure 3(A)](#F0003){ref-type="fig"} demonstrates the alterations in R2\* values in Groups RA-Io, EV-Io, and FA-Io. The cortex, outer medulla, and inner medulla R2\* levels increased 1 h after the injection and reached their peak at 24 h. Group RA-Io had the greatest alteration in the R2\* value compared with groups EV-Io and FA-Io in the cortex, outer medulla, and inner medulla (RA-Io *vs.* EV-Io: all ~24 h~ *p*\<.001; RA-Io *vs.* FA-Io: all ~24 h~ *p*\<.001). Subsequently, the R2\* levels of the cortex and inner medulla decreased to baseline levels within 48 h after the injection and the R2\* level of the outer medulla decreased to baseline level within 72 h after the injection. The above results indicated maximum renal effects within 24 h after injection *via* the renal artery and no significant difference in renal effects between injections *via* the auricular vein and femoral artery (EV-Io *vs.* FA-Io: *p* = 1.000). There were no statistical differences between the groups with saline injection *via* the three different routes ([Table 6](#t0006){ref-type="table"}).

![These were the changes in R2\* after contrast injection. Temporal alterations in R2\* levels of the renal cortex, outer medulla, and inner medulla in every group. The R2\* levels increased 1 h post-injection, and reached their peak after 24 h. Subsequently, the R2\* levels of the cortex and inner medulla decreased to baseline levels within 48 h after injection, and the R2\* level of the outer medulla decreased to baseline level within 72 h after injection (AB). Hypoxia was clearly dose responsive and that half as much contrast was need in the renal artery compared to the femoral artery to cause the same degree of hypoxia at 24 h (C).](IRNF_A_1604382_F0003_C){#F0003}

###### 

The mean value of serum creatinine (mmol/L) at different time points in each group in experiment 1.

          Baseline       1 h                24 h                48 h           72 h
  ------- -------------- ------------------ ------------------- -------------- --------------
  RA-Io   34.33 ± 2.52   42.00 ± 2.65       59.33 ± 3.51\*      41.67 ± 3.06   38.00 ± 4.36
  EV-Io   32.67 ± 2.89   39.33 ± 2.52       46.33 ± 4.51\*^a^   38.67 ± 3.06   36.67 ± 2.52
  FA-Io   33.67 ± 1.53   38.67 ± 2.08       46.33 ± 3.21\*^a^   38.33 ± 2.31   35.33 ± 2.08
  RA-S    34.33 ± 1.53   35.33 ± 3.51       34.67 ± 1.53^abc^   33.67 ± 3.06   33.00 ± 2.00
  EV-S    35.00 ± 2.00   35.00 ± 2.00^a^    32.33 ± 2.08^abc^   35.00 ± 4.58   33.33 ± 1.53
  FA-S    32.67 ± 3.79   32.00 ± 1.73^ab^   34.00 ± 2.00^abc^   33.33 ± 2.31   33.67 ± 2.52

One-way ANOVA Tukey *p* values,

^a^ *p*\<.05 *vs*. RA-Io,

^b^ *p*\<.05 *vs*. EV-Io,

^c^ *p*\<.05 *vs*. FA-Io,

\**p*\<.05 *vs*. Baseline.

###### 

Bilateral renal R2\* (1/s) values following left renal artery administration of iodixanol and 0.9% saline.

  ------------------------------------------------------------------------------------------------------
                  Baseline       1 h                24 h               48 h               72 h
  --------------- -------------- ------------------ ------------------ ------------------ --------------
  Cortex                                                                                   

   RA-Io          19.14 ± 1.09   24.62 ± 1.18       29.87 ± 1.17       22.85 ± 1.96       20.46 ± 1.07

   RA-Io-R        19.52 ± 0.93   23.77 ± 1.68       25.10 ± 1.43^a^    22.06 ± 2.64       19.47 ± 1.10

   RA-S           18.33 ± 1.16   19.06 ± 1.24^ab^   18.59 ± 1.11^ab^   19.22 ± 1.30^a^    19.23 ± 1.06

   RA-S-R         18.54 ± 0.87   18.37 ± 0.95^ab^   18.70 ± 0.88^ab^   18.51 ± 1.17^ab^   18.68 ± 1.25

   Tukey\         .196           .000               .000               .001               .078
  *p* Value                                                                               

  Outer medulla                                                                            

   RA-Io          24.02 ± 0.95   29.10 ± 1.18       33.85 ± 1.05       29.12 ± 0.85       25.12 ± 2.14

   RA-Io-R        23.89 ± 1.07   26.27 ± 1.22^a^    28.27 ± 0.78^a^    26.19 ± 1.00^a^    23.99 ± 1.58

   RA-S           23.21 ± 0.91   24.02 ± 0.87^ab^   24.35 ± 0.85^ab^   24.18 ± 0.85^ab^   23.86 ± 1.15

   RA-S-R         23.66 ± 1.19   23.86 ± 1.08^ab^   24.33 ± 0.85^ab^   23.94 ± 1.03^ab^   23.88 ± 1.32

   Tukey\         .563           .000               .000               .000               .470
  *p* Value                                                                               

  Inner medulla                                                                            

   RA-Io          20.62 ± 1.25   26.52 ± 0.99       29.40 ± 0.82       22.10 ± 1.61       21.32 ± 1.32

   RA-Io-R        20.13 ± 1.12   23.46 ± 1.24^a^    25.25 ± 0.88^a^    21.38 ± 1.17       20.52 ± 1.38

   RA-S           20.10 ± 1.02   19.93 ± 1.22^ab^   19.86 ± 0.79^ab^   19.66 ± 0.80^a^    19.82 ± 0.87

   RA-S-R         20.70 ± 0.90   19.38 ± 0.58^ab^   20.04 ± 1.17^ab^   19.43 ± 0.99^ab^   19.85 ± 1.64

  Tukey\          .679           .000               .000               .002               .202
  *p* Value                                                                               
  ------------------------------------------------------------------------------------------------------

One-way ANOVA Tukey *p* values.

^a^ *p*\<.05 *vs*. RA-Io,

^b^ *p*\<.05 *vs*. RA-Io-R.

RA-Io: the left renal, Left Renal Artery-Iodixanol; RA-Io-R: the right renal, Left Renal Artery-Iodixanol; RA-S: the left renal, Left Renal Artery-0.9% saline; RA-S-R: the right renal, Left Renal Artery-0.9% saline.

###### 

Bilateral renal injury scores following left renal artery administration of iodixanol and 0.9% saline.

  ---------------------------------------------------------------------------------------
                  Baseline      1 h           24 h            48 h          72 h
  --------------- ------------- ------------- --------------- ------------- -------------
  Cortex                                                                     

   RA-Io          0.00 ± 0.00   5.07 ± 0.46   6.93 ± 0.46\*   2.80 ± 0.40   1.20 ± 0.40

   RA-Io-R        0.00 ± 0.00   4.53 ± 0.46   6.13 ± 0.46\*   2.40 ± 0.40   0.93 ± 0.46

   RA-S           0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   RA-S-R         0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   K-W\           1.000         .017          .016            .019          .021
  *p* Value                                                                 

  Outer medulla                                                              

   RA-Io          0.00 ± 0.00   4.27 ± 0.46   7.33 ± 0.46\*   5.07 ± 0.46   2.00 ± 0.40

   RA-Io-R        0.00 ± 0.00   3.73 ± 0.46   6.53 ± 0.46\*   4.53 ± 0.46   1.60 ± 0.40

   RA-S           0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   RA-S-R         0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   K-W\           1.000         .017          .016            .017          .019
  *p* Value                                                                 

  Inner medulla                                                              

   RA-Io          0.00 ± 0.00   5.20 ± 0.40   6.53 ± 0.46\*   2.00 ± 0.40   1.20 ± 0.40

   RA-Io-R        0.00 ± 0.00   4.73 ± 0.50   5.77 ± 0.40\*   1.60 ± 0.40   0.67 ± 0.46

   RA-S           0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   RA-S-R         0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   K-W\           1.000         .019          .016            .019          .018
  *p* Value                                                                 
  ---------------------------------------------------------------------------------------

Kruskal--Wallis test and pairwise comparisons. \**p*\<.05 *vs*. Baseline.

RA-Io: the left renal, Left Renal Artery-Iodixanol; RA-Io-R: the right renal, Left Renal Artery-Iodixanol; RA-S: the left renal, Left Renal Artery-0.9% saline; RA-S-R: the right renal, Left Renal Artery-0.9% saline.

###### 

Bilateral renal HIF-1α expression scores following left renal artery administration of iodixanol and 0.9% saline.

  ---------------------------------------------------------------------------------------
                  Baseline      1 h           24 h            48 h          72 h
  --------------- ------------- ------------- --------------- ------------- -------------
  Cortex                                                                     

   RA-Io          0.00 ± 0.00   2.00 ± 1.73   3.60 ± 3.47\*   2.40 ± 2.20   1.60 ± 1.40

   RA-Io-R        0.00 ± 0.00   1.60 ± 1.47   3.20 ± 3.07\*   2.20 ± 2.00   1.40 ± 1.27

   RA-S           0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   RA-S-R         0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   K-W\           1.000         .017          .016            .019          .021
  *p* Value                                                                 

  Outer medulla                                                              

   RA-Io          0.00 ± 0.00   1.93 ± 0.23   3.47 ± 0.23\*   2.33 ± 0.23   1.4 ± 0.2

   RA-Io-R        0.00 ± 0.00   1.67 ± 0.23   3.07 ± 0.23\*   2.07 ± 0.23   1.2 ± 0.2

   RA-S           0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   RA-S-R         0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   K-W\           1.000         .017          .016            .017          .019
  *p* Value                                                                 

  Inner medulla                                                              

   RA-Io          0.00 ± 0.00   2.20 ± 0.20   3.27 ± 0.23\*   1.47 ± 0.12   0.93 ± 0.23

   RA-Io-R        0.00 ± 0.00   2.13 ± 0.12   2.87 ± 0.23\*   1.40 ± 0.20   0.93 ± 0.23

   RA-S           0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   RA-S-R         0.00 ± 0.00   0.00 ± 0.00   0.00 ± 0.00     0.00 ± 0.00   0.00 ± 0.00

   K-W\           1.000         .021          .016            .021          .019
  *p* Value                                                                 
  ---------------------------------------------------------------------------------------

Kruskal--Wallis test and pairwise comparisons. \**p*\<.05 *vs*. Baseline.

RA-Io: the left renal, Left Renal Artery-Iodixanol; RA-Io-R: the right renal, Left Renal Artery-Iodixanol; RA-S: the left renal, Left Renal Artery-0.9% saline; RA-S-R: the right renal, Left Renal Artery-0.9% saline.

###### 

Renal R2\* (1/s) values following the administration of saline.

  --------------------------------------------------------------------------------------------------
                  1 h            24 h           48 h           72 h           Bonferroni *p* Value
  --------------- -------------- -------------- -------------- -------------- ----------------------
  Cortex                                                                       

   RA-S           19.19 ± 1.07   18.85 ± 1.07   18.60 ± 1.27   18.73 ± 1.10   .92

   EV-S           19.02 ± 1.21   18.60 ± 1.11   18.88 ± 1.13   18.57 ± 1.13   .93

   FA-S           18.75 ± 1.11   18.51 ± 1.21   18.55 ± 1.22   18.65 ± 1.10   .98

   FA-S-1.5       19.10 ± 0.88   19.09 ± 1.09   18.48 ± 1.09   18.84 ± 0.75   .77

   FA-S-2.0       18.78 ± 1.14   18.80 ± 1.16   18.74 ± 0.83   18.92 ± 1.05   .99

   FA-S-2.5       18.96 ± 0.90   19.13 ± 1.28   19.00 ± 1.18   18.89 ± 0.97   .99

  Tukey\          .97            .92            .96            .99             
  *p* Value                                                                   

  Outer medulla                                                                

   RA-S           24.25 ± 0.91   23.73 ± 0.98   23.95 ± 1.13   24.05 ± 1.20   .93

   EV-S           23.97 ± 0.95   23.65 ± 1.25   23.72 ± 1.05   23.41 ± 0.77   .93

   FA-S           24.07 ± 1.01   23.91 ± 1.07   23.93 ± 1.18   23.89 ± 1.09   .99

   FA-S-1.5       23.99 ± 0.96   23.93 ± 1.01   23.97 ± 1.00   23.48 ± 1.05   .86

   FA-S-2.0       23.75 ± 0.83   23.50 ± 1.23   23.93 ± 1.00   24.03 ± 0.97   .50

   FA-S-2.5       23.83 ± 0.87   23.74 ± 1.00   23.79 ± 0.94   24.06 ± 1.01   .96

  Tukey\          .95            .98            .99            .77             
  *p* Value                                                                   

  Inner medulla                                                                

   RA-S           20.28 ± 1.46   19.76 ± 1.11   20.00 ± 0.97   19.80 ± 0.86   .90

   EV-S           19.76 ± 1.02   19.99 ± 1.19   19.58 ± 0.96   19.79 ± 0.96   .88

   FA-S           19.85 ± 0.99   19.98 ± 1.13   19.85 ± 1.02   19.86 ± 1.05   .61

   FA-S-1.5       20.06 ± 1.26   19.83 ± 1.08   19.99 ± 1.04   19.84 ± 1.21   .86

   FA-S-2.0       19.44 ± 1.07   19.83 ± 0.86   19.79 ± 1.07   19.95 ± 1.05   .37

   FA-S-2.5       19.67 ± 1.03   19.99 ± 1.02   19.88 ± 1.08   19.63 ± 1.25   .86

  Tukey\          .85            .99            .98            .99             
  *p* Value                                                                   
  --------------------------------------------------------------------------------------------------

Repeated measures ANOVA Bonferroni *p* values and one-way ANOVA Tukey *p* values, no statistical difference.

This table combines experiment 1 and 2. No changes in R2\* when 0.9% saline is injected.

*Experiment 2*. [Figure 3(B)](#F0003){ref-type="fig"} illustrates the alterations in R2\* values in Groups FA-Io-1.5, FA-Io-2.0, and FA-Io-2.5. The cortex, outer medulla, and inner medulla R2\* levels increased 1 h after the injection, and reached their peak after 24 h. Group FA-Io-2.5 had the most notable change in R2\* value compared with groups FA-Io-1.5 and FA-Io-2.0 in the cortex, outer medulla, and inner medulla (FA-Io-2.5 *vs.* FA-Io-1.5: all~24 h~ *p*\<.001; FA-Io-2.5 *vs.* FA-Io-2.0: all ~24 h~ *p*\<.001). Subsequently, the R2\* levels of the cortex and inner medulla in Groups FA-Io-1.5, FA-Io-2.0, and FA-Io-2.5 decreased to baseline levels within 48 h after the injection and the R2\* level of the outer medulla decreased to baseline level within 72 h after the injection.

In [Figure 3(C)](#F0003){ref-type="fig"}, when compared with Group RA-Io, the 24 h R2\* level of the cortex, outer medulla, and inner medulla in Group FA-Io-2.0 were not significantly different (*p* = 1.000). The above results indicated that as the dose of injection was increased *via* the femoral artery, the renal effect increased. There was no significant difference between 2.0 g iodine/kg injection *via* the femoral artery and 1.0 g iodine/kg *via* the renal artery. There were no statistical differences between the groups with saline injection by different injection volumes ([Table 6](#t0006){ref-type="table"}).

Pathological analysis {#s0010}
---------------------

The most commonly held theory about the pathomechanism of CI-AKI is tubular cell injury. Following the contrast injection, visible renal tubular lumen dilatation with luminal visible debris accumulation, and vacuolization of proximal convoluted tubule and distal tubule epithelial cells were observed and compared with normal kidney histology ([Figure 4)](#F0004){ref-type="fig"}. These changes began at 1 h, progressing in number and size up to 24 h, followed by a gradual decline. The histology of the kidneys following saline injection was indistinguishable from that of normal kidneys.

![Histological effects after contrast injection *via* the left renal artery (HE stain, ×400). Vacuolation was primarily observed in the proximal and distal convoluted tubule epithelial cells (green arrow). Renal tubular lumen dilation with visible luminal debris accumulation (blue arrow) was observed. These alterations began at 1 h, progressing in number and size over 24 h, followed by a gradual decline.](IRNF_A_1604382_F0004_C){#F0004}

At 24 h post-injection, the severity scores of renal injury to the cortex, outer medulla, and inner medulla were significantly increased compared with the baseline values (all groups, *p*\<.05) ([Figure 5)](#F0005){ref-type="fig"}. There were higher injury scores as the contrast dose increased. Group FA-Io had the lowest score and Group FA-Io-2.5 had the highest score. There were no statistical differences between the groups.

![Groups FA-Io-1.0, 1.5, 2.0, and 2.5 renal injury scores in the cortex, outer medulla, and inner medulla at 24 h. There were higher injury scores as the contrast dose is increased. There was statistical difference compared to baseline. Results are presented as the mean ± standard error of the mean. \**p*\<.05 *vs*. baseline.](IRNF_A_1604382_F0005_C){#F0005}

Immunohistochemistry analysis {#s0011}
-----------------------------

HIF-1α primarily accumulated in the cell nucleus and was used to determine the degree of tissue hypoxia. After contrast injection, HIF-1α expression increased precipitously at 24 h and subsequently declined toward baseline level ([Figure 6)](#F0006){ref-type="fig"}.

![HIF-1α expression following contrast injection *via* the left renal artery (×400). HIF-1α expression increased precipitously at 24 h in the cortex, outer medulla, and inner medulla, and subsequently declined (black arrow).](IRNF_A_1604382_F0006_C){#F0006}

At 24 h post-injection, the expression scores of HIF-1α in the cortex, outer medulla, and inner medulla were significantly increased compared with the baseline values (all groups, *p*\<.05) ([Figure 7)](#F0007){ref-type="fig"}. There were greater HIF-1α expression scores as contrast dose increased. Group FA-Io had the lowest score, while Group FA-Io-2.5 had the highest score. There was no statistical difference among the groups.

![Groups FA-Io-1.0, 1.5, 2.0, and 2.5 HIF-1α expression scores in the cortex, outer medulla, and inner medulla at 24 h. There were greater HIF-1α expression scores as contrast dose increased. There was statistical difference compared to baseline. Results are presented as the mean ± standard error of the mean. \**p*\<.05 *vs*. baseline.](IRNF_A_1604382_F0007_C){#F0007}

Correlation of MRI parameters with histology and immunohistochemistry {#s0012}
---------------------------------------------------------------------

The R2\* levels of the renal cortex, outer medulla, and inner medulla had a significant positive correlation with the tissue severity scores (*p*\<.001, *r* = 0.887; *p*\<.001, *r* = 0.865; *p*\<.001, *r* = 0.815, respectively), and HIF-1α expression (*p*\<.001, *r* = 0.786; *p*\<.001, *r* = 0.857; *p*\<.001, *r* = 0.808, respectively) ([Figure 8)](#F0008){ref-type="fig"}.

![Positive correlations of R2\* values to renal injury severity scores (red circles) and to HIF-1α expression (green triangles).](IRNF_A_1604382_F0008_C){#F0008}

Discussion {#s0013}
==========

This study focused on contrast agent administration *via* three different routes, including the renal artery, ear vein, femoral artery on renal injury and renal oxygen content. Contrast agent induced peak renal damage after 24 h. At the same dose, injection *via* the ear vein and femoral artery led to a similar degree of injury, which was less severe compared with injection *via* the renal artery. In this study, it was likely that the concentration of contrast agent was higher in the renal artery compared with that following indirect injection. Injection *via* the renal artery induced as much as twice the renal injury compared with injection *via* the femoral artery at the same dose. Renal histology and HIF-1α immune expression were evaluated to confirm the MRI findings.

In previous studies of CIAKI-induced kidney injury *via* arteriovenous pathways \[[@CIT0002],[@CIT0013]\], confounding factors have included the following: (1) Injection of contrast agents with variable osmotic pressures (hypertonic, 1000--1800 mOsm/kg; hypotonic, 500--700 mOsm/kg; isotonic, 290 mOsm/kg). Hypertonic contrast agents may themselves cause vascular endothelial damage and red blood cell shrinkage and may even affect microcirculation \[[@CIT0017]\]. (2) The total dose of iodine contrast agents administered has varied and arterial DSA diagnosis and treatment approaches have also varied according to the complexity of the lesion. In extreme scenarios, the maximum amount of contrast agent administered may be more than 10 times the minimum amount injected \[[@CIT0018]\]. (3) The fluctuation of Scr levels may also interfere with the accuracy of diagnosis of AKI, as certain patients' Scr levels fluctuate even without exposure to contrast agents, thus obscuring the diagnostic criteria for CIAKI \[[@CIT0019]\]. Our results of this study underlined that contrast product can damage the kidneys, despite recent publications stating the opposite \[[@CIT0020]\]. (4) Patients with IA procedures usually have comorbidities such as diabetes mellitus, chronic kidney disease, a history of AKI, and congestive heart failure. These comorbidities are high-risk factors for CIAKI which may lead to the conclusion that IA contrast agent administration would cause more damage compared with IV administration \[[@CIT0003]\]. (5) IA injection routes do not distinguish between renal and non-renal arteries.

Our experiment utilized a high-pressure syringe that was able to inject contrast agent into the rabbits at an equal concentration (320 mg iodine/mL), equal amount (1.0 g iodine/kg), and equal injection rate (1.0 mL/s), thus minimizing the above confounding factors.

Each contrast injection route has unique characteristics while being excreted through systemic circulation, meaning that the agent will eventually reach the kidney at a unique peak level or ratio compared with other routes. In the renal artery injection group, mechanical catheterization of the renal artery and exposure to relatively concentrated contrast agent would likely exacerbate the renal injury \[[@CIT0004],[@CIT0021]\]. Theoretically, the contrast agent injected *via* ear vein will undergo buffering by the pulmonary capillary bed. The contrast agent injected *via* the femoral artery undergoes buffering twice by the capillary bed of the lower extremity and the capillary bed of the pulmonary circulation, reducing the contrast concentration and inducing comparatively less renal damage \[[@CIT0022]\]. However, only a small fraction of the contrast medium passes through the aorta directly to the kidneys, ∼20% of the cardiac output \[[@CIT0013]\], which may explain the similar results in the ear vein and femoral artery groups. However, injection *via* the femoral artery led to dose-dependent renal injury characteristics \[[@CIT0023]\].

The R2\* value increased rapidly 1 h after the contrast injection and peaked at 24 h. This may be attributed to the following: (1) Catheter stimulation and a high iodine-stimulated angiotensin II-induced vasoconstrictor effect resulting in decreased blood flow and reduced renal oxygen supply \[[@CIT0024]\]. (2) The viscosity of the contrast agent, iodixanol, increases exponentially as the concentration increases \[[@CIT0025]\]. The concentration-dependent exponential increase in the viscosity of iodixanol may result in a slowing down of renal perfusion and an inhibited oxygen supply \[[@CIT0026]\]. (3) The glomerular filtration rate (GFR) decreases due to contrast media-induced renal dysfunction, resulting in increased tubular resistance and tubular dilation, compression of adjacent blood vessels and impaired renal oxygen delivery \[[@CIT0027],[@CIT0028]\].

In this study, renal artery injection caused a significant increase in the R2\* values, suggesting an exacerbation of hypoxia in the kidney. Ear vein and femoral artery injection had weaker effects on the kidneys. The R2\* value peaked at 24 h after the contrast injection and subsequently decreased back to baseline, a trend consistent with contrast agent excretion. A reported 99% of iodixanol is eliminated in the urine within 24 h of injection \[[@CIT0029]\]. The significant correlation between R2\* values and HIF-1α expression indicates that BOLD MRI may be an important imaging technique that reflects the status of renal oxygenation.

It is not only hypoxia, but also direct cell toxicity that lead to contrast agent-induced kidney damage. In this study, kidney injury was observed following the injection of iodixanol, including cytoplasmic vacuolation in tubular epithelial cells, intraluminal detritus accumulation, and luminal dilation. Reduced renal oxygenation and direct renal tubular cytotoxicity are considered the key etiology of CIAKI. Reduced kidney oxygenation is associated with hypoxic injury and the formation of reactive oxygen species (ROS) \[[@CIT0030]\]. Direct tubular cytotoxicity leads to oxidative stress, and impaired nitric oxide and tubular feedback, and aggravates renal insufficiency *in vivo* \[[@CIT0031]\]. Injection *via* the renal artery and bolus injection of iodixanol increased the severity of renal hypoxia, prolonged the exposure of tubular cells to the contrast agent and increased nephrotoxicity.

These data suggested that iodine contrast agent injection route and injection dose have a certain effect on the kidney. Direct renal artery injection should be avoided in clinical use of contrast agent. In addition, injection led to dose-dependent renal injury characteristics; clinicians should be advised to choose the method that uses the least contrast agent.

This study has certain limitations: (1) SCr was measured. CIAKI is commonly defined by a clinical change in SCr \[[@CIT0032]\], but SCr corresponds to the renal function of the bilateral kidneys and would not accurately reflect alterations in left renal function following left renal artery bypass. When the renal function of a patient differs between the two kidneys, the change in Scr alone may be insufficient to correctly infer the side on which the contrast agent had greater impact. BOLD and histological examinations can make up for this deficiency. (2) The R2\* values were manually sketched. In measuring the R2\* values of the renal cortex, outer medulla, and inner medulla, a larger ROI is used to maximize the sensitivity and objectivity of the R2\* values by maximizing the measured tissue envelope to reduce deviations \[[@CIT0033]\]. (3) BOLD-MR may detect kidney tissue hypoxia, but it cannot distinguish between a reduced oxygen supply or increased oxygen consumption. Although BOLD technology is only used in research, this study may provide a basis for its future applications in the clinic.

In conclusion, renal damage was most pronounced at 24 h after contrast injection. Ear vein and femoral artery injection led to less renal damage compared with injection *via* the renal artery, which caused as much as twice the amount of damage.
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